In this study, approach of design of experiment has been employed to establish the statistical correlation amongst the parameters of artificial ageing, i.e., time of ageing (t A ) and temperature of ageing (T A ), and the ageing response, as measured by the variation of hardness for an Al-Mg-Si alloy. The results related to the main effect of the parameters of ageing obtained via linear statistical analyses indicate that t A is more effective than the T A to achieve the higher level of hardness specifically when T A is beyond 203
Introduction
The emerging applications of the age-hardenable Al-alloys in the structural and transportation sectors necessitate establishing statistical correlation between the hardening response and the parameters of artificial ageing. Design ଝ This article belongs to the special issue on Engineering and Material Sciences.
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of experiments (DoE) and its analyses are helpful to assess the dependence of the process variables on the properties, particularly to attain the condition at which the best strength property of these alloys can be achieved. Several earlier attempts for a variety of materials have been made to optimize numerous process parameters like -phase precipitation kinetics in cast duplex stainless steel and age hardening of modified AA2219 alloy (Cvijović et al., 2005) , martensite ageing with plasma ion nitriding in C300 steel (Gezicioglu and Inal, 2014) , solution precursor plasma spray process in bond coating of Ni-based superalloy (Gell et al., 2004) (Hassan et al., 2008) along with statistical correlation. This study focuses on the determination of ageing response of AA6063 alloy using factorial analyses of DoE by estimating the hardness values of randomly selected specimens. In addition, a second order non-linear regression analyses has been performed to derive process-property correlation of the selected material.
Design of experiment
The study related to design of experiment (DoE) and the analyses of experimental data were done using Minitab ® 16.2.2 software following factorial design method. The parameters of ageing were considered as the factors of the process that have profound impacts on the artificial ageing response of Al-alloys (Hassan et al., 2008) . The details of the procedure for analysis and the concerned assumptions have been described earlier by Montgomery and Runger (2003) ; a brief account of this analysis is incorporated here. To investigate the influence of t A and T A on the hardness values of the aged alloy a linear statistical model has been employed. The linear statistical model can be described as:
in which, H ijk is random response variable denoting (ijk)th observation of hardness, is the overall mean effect, t i A and T j A are the effect of the ith and jth level of time and temperature of ageing, (t A T A ) ij is the interaction effect between t A and T A and ∈ ijk is a random error component (Hassan et al., 2008) . Any possible ambiguity in the DoEs occurring either from specimen selection or from alteration of the experimental ambiences during each run of the experiment can be avoided by conducting the experiments randomly.
For optimizing the ageing process, one should consider non-linear regression model that can describe the actual relation between the t A and T A , and the hardness values. A typical form of the second order regression equation may be expressed as:
where, H is the estimated hardness, ∈ is the random error component, and ˇ0, ˇ1, ˇ2, ˇ3, ˇ4 and ˇ5 are unknown regression coefficients. In this investigation, both linear as well as the second order regression analyses have been done to describe the artificial ageing response of an Al-Mg-Si alloy.
Experimental procedures
Cylindrical specimen blanks of approximately 10 mm height and 16 mm diameter were machined from commercially available extruded rods of AA6063 alloy. Each specimen was • C for 2 h followed by ice-water quenching. The quenched specimens were then aged at seven temperature levels (T j A ) ranging from 100
• C to 250
• C for seven time levels (t i A ) between 1 h and 168 h (see Table 1 ). Therefore, 49 (7 × 7) different combinations of level have been selected for the investigation. The sample size is estimated here to be 5.3 following the method proposed by Montgomery and Runger (2003) . Therefore, five different specimens have been taken at each level of combinations and in this way, total 245 nos. of specimens have been aged. Hardness values of these specimens were measured using Vickers hardness tester at 2.0 kgf load and 10 s of dwell time. 
Results and discussion
The hardness values for each level of t A and T A from five different specimens are summarized in Table 1 . These data are used for modelling and statistical analyses as discussed below.
Linear statistical model
The appropriateness of linear statistical model can be advocated by analyzing the standard residuals defined as the error between the measured hardness and the estimated ones (Montgomery and Runger, 2003) . The DoE has been analyzed to estimate the standardized residuals following Eq.
(1). The results in Fig. 1 depict the normal probability plot of standardized residuals along with 95% confidence interval. More than 98% of the total data points lie within the 95% confidence interval substantiating the normal distribution of standardized residuals. The variations of standardized residuals with t A , T A and the observation order have been found to corroborate with an earlier report (Hassan et al., 2008) . The calculated zero mean error and the constant variance of the standardized residuals for t A and T A reveal that both the factors are significant for ageing response of the selected material.
The significance of t A and T A is analyzed using the effect of these factors on hardness values. The plots of hardness versus t A and T A are shown in Fig. 2 . It can be stated from the results in Fig. 2 that in general, both factors have equal impact on the hardness response. However, the influence of t A is more pronounced to the ageing response especially when T A > 203
• C. The combined effect of t A and T A on the estimated hardness values can be interpreted using the interaction plots depicted in Fig. 3(a) and (b), respectively. The results in Fig. 3 indicate considerable non-linearly between the interaction variables and the estimated hardness values. 
Second order regression
In order to incorporate the non-linearity of hardness values with ageing parameters, a second order regression analysis has been carried out following Eq. (2). The estimated relationship is expressed as:
The p-values (defined as, the probability of obtaining a result equal to or ''more extreme'' than what was actually observed, assuming the null hypothesis is true (Biau et al., 2010) ) of each term in the Eq. (3) is <0.05 which indicate that each term in Eq. (2) is important to explain the nature of the variation of hardness values with the parameters of ageing. This observation contradicts with the relationship obtained by Hassan et al. (2008) for cast Al-4Cu alloy. These workers have neglected the influence of t 2 A term substantiating the higher p-value for t 2 A term. This apparent contradiction is presumed as either characteristic of the alloy or due to the consideration of narrow range of t A by earlier researchers. Utilizing the obtained correlation (Eq. (3)), a contour plot (Fig. 4 ) has been constructed with t A and T A as input variables and hardness as response variable. This iso-hardness contour plot can be readily used to determine the ageing condition for obtaining the desired level of hardness.
Conclusions
The obtained results from the design-of-experiment approach and their pertinent statistical analyses assist to draw the following major conclusions:
• Linear statistical analyses reveal that time (t A ) and temperatures (T A ) of ageing as well as their interactions are all significant factors on artificial ageing response of AA6063 alloy.
• The relations between hardness and t A as well as hardness and T A are found to be non-linear which can only be modelled satisfactorily by second order regression analysis.
• Correlations amongst t A , T A and hardness have been established which can be readily used to select the ageing parameters to achieve any particular level of mechanical property.
